Endocrine epithelial cells, targets of the autoimmune response in thyroid and other organ-specific autoimmune diseases, express HLA class II (HLA-II) molecules that are presumably involved in the maintenance and regulation of the in situ autoimmune response. HLA-II molecules thus expressed by thyroid cells have the "compact" conformation and are therefore expected to stably bind autologous peptides. Using a new approach to study in situ T cell responses without the characterization of self-reactive T cells and their specificity, we have identified natural HLA-DR-associated peptides in autoimmune organs that will allow finding peptide-specific T cells in situ. This study reports a first analysis of HLA-DR natural ligands from ex vivo Graves' disease-affected thyroid tissue. Using mass spectrometry, we identified 162 autologous peptides from HLA-DR-expressing cells, including thyroid follicular cells, with some corresponding to predominant molecules of the thyroid colloid. Most interestingly, eight of the peptides were derived from a major autoantigen, thyroglobulin. In vitro binding identified HLA-DR3 as the allele to which one of these peptides likely associates in vivo. Computer modeling and bioinformatics analysis suggested other HLA-DR alleles for binding of other thyroglobulin peptides. Our data demonstrate that although the HLA-DR-associated peptide pool in autoimmune tissue mostly belongs to abundant ubiquitous proteins, peptides from autoantigens are also associated to HLA-DR in vivo and therefore may well be involved in the maintenance and the regulation of the autoimmune response.
C lass II MHC
3 molecules are transmembrane glycoproteins that bind mostly exogenous peptides to be presented to CD4 ϩ T lymphocytes. Constitutive expression of HLA-II is restricted to professional APCs such as dendritic cells, macrophages, and B cells. HLA-II expression can be induced in other cell types in inflammatory conditions as shown in vivo in epithelial cells from various target organs in autoimmune diseases such as autoimmune thyroiditis (1) (2) (3) (4) .
Human autoimmune thyroid diseases (AITD), such as Hashimoto's thyroiditis and Graves' disease (GD), are characterized by T and B cell infiltration of the thyroid gland and an intense immune response to well-characterized thyroid autoantigens such as thyroglobulin (Tg), thyroid peroxidase, and the thyrotropin receptor. Thyroid follicular cells (TFC) are polarized epithelial cells that have a very important endocytic activity in their apical end, from where they endocytose thyroglobulin-rich colloid that is processed to generate thyroid hormones that are released by exocytosis to the capillaries in the basal pole. The expression of HLA-II by TFC in these diseases is well documented (5) . In situ dendritic cells, macrophages, and B cells infiltrating the organ also express HLA-II and can process and present self Ags. The importance of nonprofessional APCs such as TFCs in this context is not known, but it is clear that the autoimmune response is modulated by the interaction between cells of the immune system and cells of the target organ, with a strong influence of the local microenvironment, which may determine the formation of tertiary lymphoid tissue (6) .
TFCs in Graves' disease overexpress class I molecules and express ectopic HLA-II, invariant chain, and HLA-DM. The HLA-DM expression level by TFCs is low but sufficient to allow peptide loading into the HLA-II molecules and express stable HLA-II-peptide complexes at the cell surface (7) . Thus, HLA-IIexpressing epithelial cells in autoimmune diseases could present autoantigens to infiltrating CD4 ϩ cells and play a role in the maintenance and/or the regulation of the autoimmune response. Consequently, the antigenic repertoire displayed at the surface of HLA-II-expressing epithelial cells must be relevant to understand *Immunology Unit, Institut de Biotecnologia i Biomedicina, Universitat Autònoma de Barcelona, Barcelona;
self-reactive T cell responses in situ. However, other cells in autoimmune thyroid glands also express HLA-II, namely resident and infiltrating dendritic cells, endothelial cells, activated T cells, B cells, and macrophages (5) .
Studies characterizing HLA-DR-associated peptides were mostly done using lymphoblastoid cell lines as the source of DRpeptide complexes. They led to the identification of the allelespecific structural motifs common to peptides that associate to most DR and some DQ alleles (8 -10) . Studying natural DR ligands in other cell types is more difficult, mostly due to low HLA-II expression and limited access to cells. In previous work, we analyzed the peptide repertoire associated to HLA-DR4 molecules expressed by a transfected insulinoma cell line. We detected a heterogeneous pool of self peptides derived from cell surface proteins and proteins from internal cell compartments, including the cytosol and the secretory pathway, some of which corresponded to tissue-specific proteins (11) . Although these data were very informative and showed a different pattern from that of DR4-associated peptides from lymphoblastoid cells, this material gave only a very indirect assessment of what the repertoire of peptide ligands occupying the cavity of HLA-II molecules in a real-life autoimmune tissue would be.
Therefore, studies from ex vivo tissue samples are still necessary to gain insight into the real repertoire of DR-associated natural peptides from autoimmune tissue. Little has been done with human tissue, where sample heterozygosity adds to the other difficulties. In the first published work on HLA-DR-peptide purification from human tissue in 1995, 17 peptides were identified from 50 g of the spleen of a patient with rheumatoid arthritis (12) . Later, 55 peptides were sequenced from 9 human intestine samples from patients with inflammatory bowel disease (13) . Recently, a large number of HLA class II-associated peptides have been identified from primary renal carcinoma samples (14) .
In the present report, we describe the characterization of natural peptides bound to HLA-II molecules from thyroid glands of GD patients, using mass spectroscopy (MS) techniques. No cell separation methods were applied and whole tissue from several glands was processed to analyze the HLA-DR-associated peptides. A total of 162 DR ligands from 7 different donors were identified. All peptides complied with the common features of HLA-DR natural ligands: they were variable in length, formed "nested" sets with a common core and varying flanking sequences, and were derived from proteins present in different compartments, including the extracellular milieu, the plasma membrane, vesicular compartments, and the cytosol. Most extracellular peptides were derived from complement factors, extracellular matrix proteins, or colloid components such as albumin. Most interestingly, we were able to identify eight different peptides corresponding to the well-defined thyroid autoantigen thyroglobulin, which is also one of the major components of the colloid. Although we cannot be certain that all of these peptides are associated with class II molecules expressed by the thyroid follicular cells and not by other class II-expressing cells, the common presence of colloid components together with the important endocytic activity at the apical end of the TFCs make us think that some of these peptides can indeed be associated to DR molecules expressed by TFCs.
Materials and Methods

Thyroid samples and Abs
Thyroid surgery samples from patients with Graves' disease were used after the patients' informed consent, using a protocol approved by the ethical committees of University Hospitals Germans Trias i Pujol and Vall d'Hebron. Donors were women, 26 -41 years of age, and their HLA class II typing was obtained by exon 2 sequencing (Table I) . HLA-II expression by TFC was assessed by immunofluorescence staining on cryostat sections and by flow cytometry, as described (5) .
Anti-HLA-DR␣␤ mouse IgG2a mAb L243 (American Type Culture Collection) and anti-HLA-DR␤ mouse IgG2b mAb B8.11.2 (kindly provided by Dr. F. Koning, Immunohaematology Department, University of Leiden, Leiden, The Netherlands) were used for affinity chromatography.
Immunoaffinity purification of HLA-II-peptide complexes from autoimmune thyroid and reversed-phase HPLC (rpHPLC) fractionation
A modification of the previously described method (15) was applied. Briefly, frozen thyroid samples were mechanically homogenized with a tissue homogenizer in H buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 5 g/ml aprotinin, 5 g/ml leupeptin, 5 g/ml pepstatin, and 5 mM iodoacetamide) and resuspended in lysis buffer (H buffer plus 0.5% Nonidet P-40 (Surfact-Amps Nonidet P-40; Cultek)). HLA-II-peptide complexes from the lysate were purified by affinity chromatography using 1 ml Sepharose bead columns with 5 mg mAb L243. The unretained fraction of sample TB449 was repurified by eluting through a column with mAb B8.11.2, due to the low affinity of L243 for the DR3 molecule. TB471 peptides were purified using the B8.11.2 column directly.
HLA-II-peptide complexes were eluted with trifluoroacetic acid 0.1%, following standard procedures (11) . Eluted class II-peptide mixtures were spun through 10-kDa cut-off ultrafiltration filters (Centriprep-10; Millipore) and collected from the flow-through. The low molecular mass fraction containing the peptide pools was separated by rpHPLC using an acetonitrile gradient column (Vydac protein and peptide C18, 2.1 mm ϫ 25 cm) (15) . Chromatographic analysis was monitored at 214-nm UV wavelength. One-minute fractions were collected from minute 20 to 100 and then analyzed by MS.
Peptide sequencing
HPLC fractions were evaporated and redissolved in 5 l MeOH/H 2 O 1/1, 1% AcOH. The molecular mass of each fraction's components was measured in a MALDI-TOF mass spectrometer (Voyager-DE PRO, Applied Biosystems) in positive ion reflector mode. Peptide sequences were obtained by electrospray tandem MS using an LCQ ion trap mass spectrometer (Thermo Fisher Scientific) with a nanospray electrospray ionization (nESI) source (nESI-ion trap MS (ITMS)/MS from Protana A/S, Odense, Denmark), by a MALDI-TOF/TOF in a mass spectrometer (AB 4700 mass . Expression scores are based on immunofluorescence staining on cryostat sections as follows: ϩ, positive staining in Ͻ10% follicles (focal); ϩϩ, 10 -50% positive follicles (multifocal); ϩϩϩ, Ͼ50% positive follicles (generalized) (14) .
spectrometer, Applied Biosystems), and by vMALDI-MS/MS in an LTQ instrument (Thermo Fisher Scientific).
For nESI-ITMS/MS analysis, 2 l of each HPLC fraction was loaded in the nanospray needle. Product ion spectra were obtained by collisioninduced dissociation, mainly of the double-and triple-protonated peptide molecules. Precursor masses were selected from the MALDI-TOF data spectra and from the signals observed in the nanospray full MS scan. Isolation windows of 3-and 4-unit widths were used for the MS/MS and MS3 experiments, respectively, and a 25-35% relative collision energy, depending on the charge state of the precursor ion. For MALDI-TOF/TOF analysis, 0.4 l of each sample was automatically analyzed: a full scan was done within the mass-to-charge (m/z) range 900-6000, and the four most abundant signals detected over the m/z range 1100 -3500 Da were fragmented. For vMALDI-MS/MS analysis, 0.5 l of each sample was shot automatically in the Crystal Positioning System mode. Instrument setup was optimized in a data-dependent scan mode as follows: Automatic Spectral Filter parameters were restrictive in the m/z 1200 -2500 range, wide band activation was set up for the MS/MS experiments, dynamic exclusion was 1, and 5 MS/MS were acquired for each full MS.
Sequences from the MALDI-TOF/TOF fragmentation spectra were identified using the MASCOT software program (Matrix Science) without protein size or enzyme cleavage site restriction. Using the same parameters, peptide identification from the nESI spectra was done with the MSTag (ProteinProspector; Mass Spectrometry Facility, University of California-San Francisco) and Mascot software programs, by comparing the MS/MS spectrum of each peptide with the virtual spectra derived from protein sequences in public databases (Swiss-Prot, European Bioinformatics Institute, Heidelberg, Germany; and GenPept, National Center for Biotechnology Information). The Sequest software (Thermo Fisher Scientific) was used for the vMALDI-MS/MS spectra identification using the parameters described above.
Peptide synthesis
Thyroglobulin and other peptides were synthesized at the Peptide Facility, Universitat Pompeu Fabra, Barcelona.
Peptide-binding assay
HLA-DR3 and HLA-DR15 binding experiments were performed by ProImmune , using their cell-free class II REVEAL binding assay. A total of 11 peptides (plus 2 overlapping peptides) were tested, including 7 thyroglobulin peptides and others that we could assign to one HLA-DR allele (see Fig. 3 ). The tests consisted of the detection by a conformational Ab of HLA-DR-peptide complex formation after mixing soluble DR molecules with each peptide. Positive control for DR15 was hCMV pp65 109 -123 peptide MSIYVYALPLKMLNI and for DR3, M. tuberculosis Ab 85B 14 -27, PSPSMGRDIKVQFQ. Negative control peptides did not show any binding (data not shown), but the reference analysis was done comparing the binding of each peptide to each allele with a known borderline affinity control peptide (score of 100), named pass/fail control binder, and to each positive control peptide. Each experiment was conducted twice at two different dilutions, generating four data points for assembly reaction (peptide/allele). Thus, values between 0 and 100 were considered weak binding and values Ͼ100 were considered positive binding.
Modeling of DR-peptide interactions
Modeling the complex between peptide Tg 726 -743 and the HLA-DR51 or HLA-DR15 molecules was performed using a novel simulation protocol (X. Daura, unpublished). The essential aspects are summarized below.
Structures for DR51 and DR15 were obtained from the Protein Data Bank (PDB entries 1H15 and 1BX2). The 1h15.pdb and 1bx2.pdb files contain crystallographic coordinates for the complexes between DR51 and an EBV DNA polymerase (EBVP) peptide and between DR15 and a human myelin basic protein (HMBP) peptide. Initial system configurations included the following atoms: residues Glu 28 2) The positions of (missing) Tg 726 -743 backbone and side-chain atoms were assigned by successive addition of a small vector (10 Ϫ4 nm in the x direction) to the coordinates of the closest existing backbone atom.
3) The atoms added in step 2 were defined as dummies in the biomolecular force field of the GROMOS96 simulation package (18) . A dummy atom is one that has no interactions with the rest of the system. All other atoms (which we shall call crystallographic) were assigned parameters from the vacuum (45B3) force field (19) , which includes shielding of charge-charge interactions in a very crude way to mimic a basic solvent effect. The protonation state of ionizable residues was chosen to mimic a neutral pH.
4) Following equilibration of the system, a nonequilibrium slow-growth molecular dynamics simulation (200 ps) in vacuum at a very low temperature (10 K) was performed. In the course of this simulation the dummy atoms were progressively transformed into regular atoms (i.e., atoms with standard force field parameters) using a soft-core potential to avoid atomic clashes, while the positions of the crystallographic atoms were restrained with a harmonic potential. During the process, the growing atoms (i.e., atoms that were initially dummies) accommodate to the environment under the sole influence of the force field. The simulation delivers the work involved in the transformation (16) . To accumulate statistics on the nonequilibrium process, the simulation was repeated 1000 times with different initial velocity distributions.
5) The free-energy change associated to the transformation was estimated by using the following equation (20):
where k B is Boltzmann's constant, T is the absolute temperature, W is the work, and the brackets denote an average over the 1000 work values. This free-energy difference estimate was taken as a score for binding affinity. Because the transformation affects exactly the same atoms in the two complexes, the scores for DR51/Tg 726 -743 and DR15/Tg 726 -743 can be directly compared.
6) The 1000 model structures obtained for the complex were structurally clustered, using an atom-position root-mean-square difference of 0.1 nm as similarity cutoff for the buried side chains (Leu 732 , Glu 735 , Ala 737 , Phe 738 , and Arg 740 ). The structural variability within the ensemble of 1000 model structures could be thus evaluated. The above equation can then be used to estimate the free energy change for each structural cluster or family (⌬G clus ). Here, the brackets denote an average over the work values obtained for the specific cluster.
Note that the estimated free energies do not have a direct connection to the experimental binding free energies. The calculated free energies are associated, strictly, to the creation of residues Cys 726 -Cys 730 and Thr 741 -Gln 743 and the side chains of residues Gln 731 -Arg740 in the binding grooves of DR51 (⌬G DR51/Tg726 -743 ) and DR15 (⌬G DR15/Tg726 -743 ) at 10 K and in the absence of solvent effects. Additionally, 1000 simulations may not suffice to guarantee convergence of ⌬G. Nevertheless, we make the plausible hypothesis that the sign of the difference ⌬G 51-15 ϭ ⌬G DR51/Tg726 -743 Ϫ ⌬G DR15/Tg726 -743 is equal to the sign of the difference between the experimental binding free energies. That is, we assume that the free energy change involved in the creation of this set of atoms of Tg 726 -743 in the binding groove of DR51 and DR15, under the specified conditions, is correlated with the binding affinities of Tg 726 -743 for the two molecules.
Results
Description of peptides isolated from GD thyroid glands
A total of 150 peptide sequences were obtained from DR molecules isolated from three GD thyroid samples: TB448 (8 g, 19 sequences), TB449 (25.5 g, 61 sequences), and TB471 (15 g, 70 sequences). Of the 19 TB448 peptides, 11 were sequenced by nESI, 6 by MALDI-TOF/TOF, and 2 were obtained using both techniques. Similarly, 47 of 61 TB449 peptides were sequenced by nESI, 5 by MALDI-TOF/TOF, and 9 by both. Of the 70 peptides from TB471, 49 were sequenced by nESI, 7 by MALDI-TOF/ TOF, and 10 by vMALDI. Some peptides were detected by all three methods. A summary of the sequences obtained and their characteristics is shown in Table II . All peptides were autologous, as expected from the starting material, thus confirming the absence of contamination from other sources. Peptide size ranged between 9 and 33 aa length, most of them (76.6%) 12-22 aa, the standard class II size range (Fig. 1a) . The mean molecular mass was 1837.6 Da (952.4 -3473.6 Da). Fig.  1b shows the cellular distribution of the DR-associated peptides in two groups: peptides expected to be generated by degradation in the endocytic pathway (E) or in the cytosol (C). The size distribution (Fig. 1a) of endocytic peptides was within the standard, although it included some small (9 -12 aa) and very large (23-33 aa) peptides, whereas the size of "cytosolic" peptides was more heterogeneously distributed.
Endocytic peptides were the most abundant, but 46 (30%) peptides were derived from proteins potentially degraded in the cytosol, including nuclear proteins. Of 150 DR ligands identified, 103 were "endocytic", of which 10 were derived from colloid components. One sequence from TB448, one from TB449, and six different ones from TB471 belonged to the major component of the colloid, thyroglobulin, a thyroid-specific protein known as a target autoantigen in autoimmune thyroid diseases. As a confirmation of these sequences, all seven peptides were synthesized and their MS spectra compared with those obtained from the thyroid samples (see Fig. 2 ). Albumin peptides were also found: albumin is ubiquitous but is also the most abundant protein in the thyroid colloid after the thyroglobulin (21) . Of the remaining endocytic peptides, 14 derived from extracellular matrix proteins, 18 from membrane proteins, and 46 from soluble serum proteins. Many of these peptides derived from hemoglobin, known also to be abundant in the colloid in hyperplasic thyroids. Additionally, there were two peptides from vesicular resident proteins, both derived from cathepsins, very abundant proteases in the TFC endocytic vesicles. Peptides putatively generated by degradation in the cytosol were: 10 nuclear, 2 from the endoplasmic reticulum, 1 from mitochondria, and 33 cytosolic peptides. Only one sequence was not identified in the database.
Analyzing the peptides sequenced from TB448, TB449, and TB471 eluates, the patterns were very similar (Table II) . Membrane peptides derived mostly from HLA-II proteins, 2 in TB448, 9 of 12 in TB449, and 2 of 4 in TB471. Endocytic peptides derived from cathepsins, extracellular matrix proteins like heparan sulfate proteoglycan, nidogen-2, multimerin, or collagen; from serum proteins C3 or apolipoprotein B; from albumin, angiotensin, or ␣-2-macroglobulin; or from the C chain of Ig␥-1. A large number of hemoglobin peptides were identified from TB471. In all samples, colloid peptides from albumin and thyroglobulin were sequenced. A large number of cytosolic peptides belonging to a heterogeneous set of proteins were also identified. Peptides derived from GAPDH, NHERF (Na ϩ /H ϩ exchanger regulatory factor), a serine protease, several ribosomal proteins, the enzyme creatine kinase, 3-hydroxyacyl-CoA dehydrogenase type II, calgranulin B, NipSnap4, actin, the actin-binding protein cofilin-1 and ␣-actinin, f Ratio between the number of alleles to which peptides are good binders and the total number of HLA molecules analyzed. We considered good binders peptides with correct P1 residue for the corresponding allele and with a theoretical affinity score over 25%.
g The source protein with position of each peptide in parentheses. h Database sequence identification number. i Subcellular location of the source protein: EM, extracellular matrix; E, exogenous; C, cytoplasmic; Co, colloid; Cv, cytoplasmic vesicula; M, plasma membrane; N, nucleus; ER, endoplasmic reticulum; mit, mitochondria.
FIGURE 2.
Fragmentation spectra comparison of five natural and synthetic thyroglobulin peptides. Spectra corresponding to (a) natural peptides and (b) synthetic peptides. All spectra were obtained by mass spectrometry with an ion trap coupled to a nanoelectrospray source (nESI-ITMS/MS).
an RE resident chaperone, BIP (HSP79), a mitochondrial enzyme (malate dehydrogenase), and nuclear proteins such as histones, the small nuclear ribonucleoprotein G, or the kinetochore protein CENP-F.
Thyroglobulin Despite all three donors being heterozygous for HLA-DR, many peptides could be theoretically assigned to one of the alleles expressed by the donor. Interestingly, although two of the donors shared the DR2 haplotype, the two Tg peptides from their repertoire were apparently associated to different DR alleles: Tg 726 -743 to DR51 of the DR2 haplotype, and Tg 2098 -2112 to DR17 of the DR3 haplotype. Additionally, only one of the six Tg peptides from TB471 did show any theoretical binding capacity: Tg 2224 -2241 to DR3. None of these peptides was identical with the DR3-associated Tg peptide from TB448. The HLA binding assignments were based on the ProPred software analysis (www.imtech.res.in/ raghava/propred/) (10), which contains a database of the allelebinding matrixes for 51 HLA-DR alleles and calculates theoretical affinities for each peptide to each of the alleles. To allow comparison between the different alleles, the theoretical affinity score was calculated as the percentage of the affinity index for each peptideallele combination, in relation to the maximum theoretical affinity index for each allele. On the basis of this analysis, we considered potential "good binders" those peptides that had the correct P1 residue for the corresponding allele and showed a theoretical affinity score of Ͼ25%. Most of the peptides that could be assigned to any alleles showed good binder affinity scores, although 16 of them did not reach the minimum affinity score (marked as low binders (LB) in Table II ). When one allele was not included in the ProPred database (such as DRB1*0407, DRB3, and DRB4 alleles) but the binding motif was available (http://www.syfpeithi.de/), we simply assigned the peptide on the basis of the presence of the correct P1 residue and at least one of the other anchor residues (15) . However, in those cases we could not calculate a theoretical binding score. As a whole, 104 (37%) sequences could be assigned to any one allele, with some giving a relatively high affinity score and some considered "low binders". These assignations are only theoretical and need to be confirmed by binding data.
Another observation was the large number of potentially promiscuous peptides that were identified. Again using the ProPred software, we ran all the sequences against all the 51 alleles of the database. The promiscuity ratio (Table II) for each peptide indicates how many of the 51 alleles analyzed could potentially bind the peptide (i.e., with an affinity score of Ͼ25%). Some peptides showed that in addition to the canonical allele expressed by the donor tissue, these peptides could theoretically bind more than two other alleles (Table II ). An interesting feature of TB471 was the number of long peptides (i.e., 23-33 aa). This can be related to the second DR allele expressed by this donor, HLA-DR8 (DRB1*0801). A number of long epitopes have been described as ligands or epitopes associated to HLA-DR8, but no binding motif has been defined so far (http://www.syfpeithi.de). This may account for the difficulty to assign many TB471 peptides to any allele.
Therefore, the DR molecules expressed in GD thyroid glands bind to autologous peptides mostly of the standard size that are recruited from proteins abundant in the colloid and other tissue compartments, including internal cell proteins. Within this repertoire, tissue-specific proteins such as thyroglobulin can also generate peptides capable of associating to HLA-DR.
Once we had established that the HLA-DR peptide repertoire could be analyzed from whole tissue samples, we tried to apply the method to smaller samples from frozen blocks of thyroid tissue from our tissue collection to see whether we could confirm the patterns obtained in the previous samples. We selected four thyroid samples of different weights: TB270 (3.3 g), TB269 (2 g), TB237 (1.1 g), and TB190 (1 g), all expressing high HLA-DR levels. Despite the small sample size, 12 peptides could be sequenced by nESI (Table III) . Four exogenous peptides were obtained from TB270, three from serum albumin, and one from the extracellular matrix protein fibronectin. The three albumin peptides formed a nested set, varying in one residue at the N-or C-terminal ends. Two nested albumin peptide sets of identical core sequence were identified from the DRidentical thyroid samples TB269 and TB190. These sequences were different from those found in TB270, of different HLA type. One sequence from the ␤-chain of the DQB1*0602 molecule was identified from the DQB1*0602 ϩ TB237 sample (DR15 homozygous). This same peptide was obtained from DR15-positive sample TB448 but not from TB449, also DR15, and it had been previously described as one of the major DR15-and DR51-associated peptides in studies of DR repertoires from EBV-transformed cell lines (22) . Thus, we demonstrated that bona fide peptides could be isolated from very small samples of frozen tissue using our protocol. Nevertheless, the yield obtained from these small samples was far too low. Size (aa) P P P P P P P P P 1 2 3 4 5 6 7 8 9
Allele Assigned % Affinity Index Promiscuity Source Protein Id No. L.
TB270 (3.31g)
DRB1*0701 1601. 
Serum albumin (444 -458) P02768 Co DRB1*1104 1656. 9 16
Serum albumin (443-458) P02768 Co DRB3*0202 1656. 9 16
Serum albumin (444 -459) P02768 Co 1755. 9 17 Table heading as in Table II .
Peptide binding analysis
To verify the capacity of the thyroid DR-eluted thyroglobulin peptides to bind DR molecules, binding assays were performed by direct detection of HLA-DR-peptide complexes in a cell-free assay using soluble DR15 and DR3 molecules. DR8 and DR51 soluble molecules were not available for these assays. In addition to the thyroglobulin peptides, we also tested four more thyroid peptides that had been well assigned to one or other of the alleles involved, that is, VE-cadherin 196 -210, hemoglobin ␦-chain 31-41, DQB1*0602 ␤-chain 75-89, and collagen ␣1-chain (XV) 1243-1257, assigned to DR3, DR15, DR51, and DR15, respectively. The data confirmed the assignations to DR15 and DR3 of the above peptides and demonstrated the positive binding of Tg 2098 -2112 to DR3. Tg 2224 -2240 , considered a low binder to DR3, showed no binding (Fig. 3) .
Modeling of HLA-DR-Tg peptide interactions
In the absence of binding data for Tg 726 -743 to DR51, modeling studies were performed for its binding to HLA-DR51 compared with HLA-DR15. The calculations predicted a relatively higher binding affinity (ϳ10% higher) for the pair DR51/Tg 726 -743 than for DR15/Tg 726 -743 , with an average relative binding score ⌬Z 51-15 of Ϫ25 kJ/mol (Tables IV and V) . Although the computational method used is not meant to be quantitative, this result is in remarkable agreement with the trend shown by the binding data (Fig. 3) .
The potential energy of DR/Tg 726 -743 interactions in the model structure with the best binding score (V DR/Tg726 -743 , Table IV ) is more favorable (more negative) for the DR15/Tg 726 -743 complex than for DR51/Tg 726 -743 . The difference, which might appear surprising at first sight, is mainly associated with the interaction between Tg 726 -743 and the DR ␣-chain. A close examination of the environment of the five Tg 726 -743 residues expected to anchor the peptide to the P1-P5 DR pockets (Table V and Fig. 4) shows that Tg 726 -743 establishes more interactions in the binding groove of DR15 than in that of DR51. In particular, as a consequence of the reduced size of P5 in DR51, Arg 740 does not enter into this pocket The data are also shown as a bar graph. All thyroglobulin peptides isolated were tested (peptides 1-9), as were other peptides that had been theoretically assigned to one DR allele (peptides 10 -13 Only the latter could be tested and confirmed as a medium binder to DR3. The alleles assigned to peptides 10, 11, and 15 were also confirmed. Assignation to DR51 could not be confirmed because this allele is not available for binding. a Lowest work value obtained within the 1000 simulations (corresponds to model structure in Fig. 4) .
b Lowest free-energy value associated to a structural cluster. but stays on the surface. In fact, His 639 of EBVP also stays out of P5 in the crystallographic structure 1H15 (PDB code). If the energetics of the interaction between Tg 726 -743 and the DR molecules favor complexation with DR15, why do the binding scores indicate the opposite binding preferences? The answer must be found in the entropy. Table IV shows that the structural variability of these five residues among the model complex structures generated, as reflected by the number of structural families obtained, is larger for DR51/Tg 726 -743 than for DR15/Tg 726 -743 . Binding is the result of a fine balance between enthalpy and entropy. Optimal complementarity between protein and peptide may lead, despite a favorable enthalpy component, to poor binding due to a large (nonfavorable) entropy loss. A good binder is one that maximizes binding enthalpy (interactions) while minimizing the unavoidable entropy loss upon binding. These considerations seem especially relevant for DR molecules that, because of the nature of their function, must escape highly specific interactions.
Discussion
The results of this study provide a first glance to the repertoire of peptides associated with HLA-DR molecules in thyroid glands of patients with autoimmune thyroid disease. To our knowledge, this is the first such analysis from human autoimmune tissue. The identified sequences constitute only a fraction of the total pool of peptides associated with the different DR alleles. They are certainly the most abundant peptides within our system's capability, and therefore peptides poorly represented in the tissue or those with low efficiency of ionization will not have been detected. Despite the limitations, we were able to identify seven different peptides belonging to one of the major autoantigens of thyroid autoimmune disease, thyroglobulin.
Most studies characterizing HLA-II-associated peptides have been conducted using immortalized lymphoid cell lines. When analyzing peptides from cell lines in culture, not only is the cell content different from the original tissue, but also the extracellular context is artificial and does not mimic the environment surrounding the cells in vivo. However, the use of human tissue is difficult due to low availability, low HLA-II expression, and heterozygosity of most samples. In the first study of HLA-II peptides from human tissue, 17 HLA-DR ligands where identified from a rheumatoid arthritis patient's spleen sample (12) . Oshitani et al. reported 55 HLA-DR peptides from human intestine samples of 4 controls and 18 patients affected by inflammatory bowel disease (13) . More recently, 78 peptides have been reported from a pool of 16 bronchoalveolar lavage samples from patients with sarcoidosis, being the first such study in human autoimmunity, although the nature of the samples was very different (23) . Using a different approach, a recent study has shown that most peptides bound to MHC-II from mouse insulinoma cells derive from proteins normally expressed in ␤ cells from normal islets and that some of them are recognized by CD4 ϩ T cells from NOD mice (24) . In the present report, 162 peptides have been obtained from seven Graves' disease-affected thyroid tissue samples. We were able to sequence peptides from as little as 1 g of human thyroid tissue, despite the low expression of HLA class II in the thyroid and the heterogeneity of this expression. Our data do not allow discrimination of whether these peptides were associated to DR molecules expressed by TFC, by B cells, dendritic cells, or macrophages, all present in the thyroid gland. In fact, B cells are abundant in GD thyroid infiltrates, where they form autoantigen-specific germinal centers (6, 25) . We have indeed identified one Ig peptide that could have been generated from an internalized BCR. However, there is not much tissue destruction in GD thyroids; on the contrary, TFCs are hyperfunctional by their interaction with agonistic anti-TSH-R Abs and therefore produce thyroid hormones, requiring continuous endocytosis of thyroglobulin and other colloid components by the TFCs. In this context, we can hypothesize that by being most accessible to thyroid follicular cells, the thyroglobulin peptides were associated to TFC-expressed DR molecules. Peptide identification from a single cell population in the tissue is at the moment very difficult because the amount of material that can be obtained using the best separation techniques is still very small, and thus it is hard to be sure which APCs would be presenting most peptides identified. Another limitation of human tissue, sample HLA heterozygosity, was mostly overcome because most sequences could be statistically assigned to one or the other DR allele expressed by each sample. The large available database of peptides specific to most HLA-DR alleles facilitated the search. The only limiting alleles were DR407 (DRB1*0407) and DR8, expressed by TB448 and TB471, respectively, for which there are still no well-defined peptide binding motives.
One common protein that generated peptides was albumin, an ubiquitous protein that, after the thyroglobulin, is the most abundant in the thyroid gland and, like the thyroglobulin, is present in the colloid. Another protein from which many peptides were derived was hemoglobin, also found in the colloid in hyperplasic thyroid tissue (21) . Many exogenous peptides sequenced belonged to proteins of the extracellular matrix. Autoantibodies reacting with extracellular matrix proteins have been extensively studied in various autoimmune diseases affecting connective tissue. Both T cells and Abs specific for matrix proteins including collagen, laminin, and fibronectin have been detected in patients with Graves'-associated ophthalmopathy (26), diagnosed to patient TB449. Extracellular matrix proteins and proteinases involved in their degradation are related to thyroid function, and many are dependent of thyroid hormone production (27) (28) (29) . Therefore, the chronic stimulation of thyroid hormone production characteristic of Graves' disease may well be related to the presence of extracellular matrix peptides associated with HLA-DR in the thyroid. Equally, the activation of thyroid hormone production requires active endocytosis of the colloid content by thyroid follicular cells, leading to a higher availability of Tg and even albumin peptides to bind to DR molecules expressed by the TFCs.
The most interesting peptides isolated from the Graves' thyroid glands were the Tg peptides, Tg 726 -743 from TB448 and Tg 2098 -2112 from TB449, that preferentially associated to DR51 and DR3, respectively, and five other from TB471, one of which (Tg 2224 -2240 ) appeared to be a DR3 low binder, but could not be confirmed by binding. Thyroglobulin, one of the main autoantigens in autoimmune thyroiditis, constitutes 75-80% of the total protein contents of the colloid (21) . Although thyroglobulin is highly expressed in the thymus during maturation (30) , and therefore a high degree of tolerance to this molecule is expected in the periphery, the identification of thyroglobulin peptides as natural ligands in the repertoire indicates that these DR-peptide complexes must be relatively abundant in the affected thyroids. This putative high ligand density in the inflamed tissue may be a reason for otherwise ignorant T cells to become stimulated. The analysis of T cell responses to these peptides both from in situ and peripheral T cells will be a next step to define which functional population of T cells may respond. Much evidence has demonstrated the role of Tg in the etiology of AITD: anti-Tg Abs are detected in almost all patients with AITD, and experimental autoimmune thyroiditis (EAT) can be induced in susceptible animals by both mouse and human Tg immunization (31) . EAT can also be induced by direct immunization with thyroiditogenic peptides, including some human Tg peptides (32, 33) . Although the pathological relevance of the Tg peptides that we have identified is not known, data from another group have demonstrated the pathogenicity of Tg 2098 -2112 in a DR3 transgenic model of Tg-induced EAT (34) . A computerbased predicted set of 39 synthetic DR3-binding Tg peptides was screened against T cells from EAT ϩ DR3-transgenic mice, and only 4 could stimulate T cell responses. Interestingly, only one of those, peptide LSSVVVDPSIRHFDV, identical with the DR3-associated Tg 2098 -2112 peptide from TB449, could induce the disease both by direct peptide immunization and by adoptive transfer of peptide-activated T cells. Our data therefore demonstrate that a potentially pathogenic Tg peptide is indeed generated in vivo and presented by DR3 molecules in human Graves' disease.
Thus, we can now confirm what the authors suggested, that is, that the peptide was likely a natural peptide generated in DR3 individuals (34) , demonstrating that a computer algorithm can predict a peptide identical in size and sequence to a naturally processed peptide. It remains to be clarified whether DR51-Tg 726 -743 or any other DR-Tg complex expressed in human GD thyroids are also potentially pathogenic or related to the regulation of the autoimmune response. Thyroglobulin is a very large autoantigen of 2749 aa that is extensively modified by iodination and other posttranslational events. Iodinated Tg peptides are highly immunogenic and can trigger thyroid autoreactive T cells (35) . Iodine has been proposed as capable of modifying the processing of Tg by APCs, resulting in the generation of pathogenic epitopes (32) . Indeed, two of the TB471 peptides, Tg 2508 -2519 and Tg 2520 -2532 , are contained in a sequence that has been shown to be a cryptic peptide in mouse experimental thyroiditis, being only generated when mice are immunized with highly iodinated thyroglobulin (36) .
When we compared our sequences with DR3-or DR51-predicted Tg epitopes, we found both the DR3 peptide Tg 2098 -2112 and the DR51 peptide Tg 726 -743 were within the highest scored peptides by ProPred (www.imtech.res.in/raghava/propred/), RANKPEP (www.mifoundation.org/Tools/rankpep.html), or SYFPEITHI (www.syfpeithi.de/) (only DR3) (data not shown). Computer predictions gave us the assignation of these peptides to their respective alleles, and computer modeling supported these results.
Most other natural peptides identified also derived from highly expressed and ubiquitous proteins. These are by and large the proteins that one would expect to generate peptides capable of associating to class II molecules in any tissue. Some of these were analyzed for binding to their assigned alleles DR3 or DR15 and some demonstrated to be really high binders, such as VE-cadherin 196 -210 to DR3 and hemoglobin ␦-chain 31-41 or collagen ␣-chain 1243-1257 to DR15. One interesting feature of many peptides identified was their theoretical "promiscuity", that is, their capability to bind to many different HLA-DR alleles, which may be related to autoreactive TCR degeneracy. In fact, DR association with thyroid diseases is not very high, despite the preference for DR3 (37) (38) (39) (40) . The main associated alleles are DR3 (DRB1*0301) and DR5 (DRB1*1101). Tg 726 -743 was presumably associated with DR51, a DR molecule expressed within the DR2 (DR15) haplotype. Although this haplotype has not been associated with AITD, it is not negatively associated and we have found 16% DR15 ϩ Graves' patients in a larger study (41) . DR51 is the dominant restriction element for myelin basic protein peptide recognition by multiple sclerosis patients' T cells (42) and it has more stringent requirements for peptide binding than does DR15 (22, 43) . These requirements include a negatively charged Arg or Lys residue at position P9 (Ϯ2), which was confirmed in all but two peptides assigned to DR51. The modeling studies suggest that Tg 726 -743 binds more strongly to DR51 than to DR15 as a consequence of the major flexibility of the DR51/Tg 726 -743 interface (entropic effect), despite the more favorable network of interactions between Tg 726 -743 and DR15. The low binding of this peptide to DR15 favors this interpretation.
Our data thus demonstrate that tissue-specific peptides are associated in vivo to HLA-DR in GD-affected tissue and therefore may well be involved in the autoimmune process by potentiating the autoimmune responses, but also that the in situ HLA-DR-associated peptide pool mostly derive from abundant and ubiquitous proteins common to other tissues. The relevance of all these peptides may not only relate to their pathogenicity but also to their capacity to regulate responses. Ex vivo studies can well be a first step toward the clarification of the role of HLA class II molecules expressed in autoimmune organs.
